Abstract-In this letter a four-port multi-input-multi-output (MIMO) antenna for 5G applications is proposed. This antenna is compact with a size of 11 mm × 31 mm excluding feed lines. The radiation patterns of the antenna show pattern diversity in the azimuthal plane, and each antenna element has an end-fire gain about 10 dBi by employing an array of metamaterial unit cells. The isolation between the antenna elements with edge to edge separation < λ 0 /5.5 at 28 GHz is enhanced by trimming the corners of the rectangular high refractive index metamaterial region along with a ground stub between antennas. The proposed antenna is fabricated, and each antenna element has return loss, S nn < −10 dB with isolation, S nm > 21 dB in the frequency range 26 GHz to 31 GHz, which makes this antenna potential candidate for MIMO application at 28 GHz band enabling 5G cellular communications.
INTRODUCTION
28-GHz frequency band has emerged as potential candidates for next generation communication due to its low oxygen absorption rates unlike 60 GHz [1] . The mmWave MIMO technique is going to be the promising candidate to deliver high data rates required for streaming 8K video content and virtual reality services.
To counter the issues like high path loss and interference at 28-GHz, high gain antennas designed with MIMO and beamforming capabilities are proposed [2] . Various MIMO antennas for 5G applications have been proposed in [3] [4] [5] [6] [7] [8] [9] . In [10] , a Ka-band MIMO antenna is proposed with a gain about 9.5-11 dBi and has a good isolation of 20 dB between the ports in the frequency range from 26.8 to 28. 4 GHz, but this antenna occupies good amount of space (39.8 mm × 33.4 mm) on the board. In [11] , the authors have managed to get isolation greater than 37.1 dB between two antipodal Fermi-based tapered slot antennas using metasurface corrugation in the frequency range 27 to 32 GHz on a 20 mil Rogers substrate (ε r = 3.55) with only two antennas in an area 41 mm × 85 mm. Also a four-port MIMO antenna operating at 30 GHz is proposed in [12] , and each port consists of an array of four dielectric resonator antennas (DRA) to have a gain of 10 dBi by feeding DRAs with microstrip lines, which results in significant losses at mmWave frequencies.
Mutual coupling between the antennas plays an important role in determining the performance of the MIMO communication network. Electromagnetic band-gap structure is proposed to reduce the coupling between antennas in [13] . In [14] , single-negative magnetic metamaterials are employed to suppress the coupling between two monopole antennas. However, these techniques are not suitable for end-fire antennas. The authors in [15] have enhanced the isolation between two monopole antennas using an array of capacitively loaded loops (CLL) by about 10 dB.
In this letter, an mmWave MIMO antenna is designed, and each dipole antenna is loaded with a high refractive index CLL unit cell array. The loading of the CLL unit cell array serves two purposes: 1. This array acts as a high refractive index region; therefore, integration of CLL unit cell array with the dipole antennas enhances the gain of each to about 10 dBi and 2. Introducing defects (trimming) in the high refractive index metamaterial unit cell array reduces the mutual coupling between the closely spaced dipole antennas by about 10 dB at 30 GHz. The low mutual coupling between the antennas and each antenna having a good gain advocates the feasibility of this antenna for mmWave MIMO applications.
ANTENNA DESIGN
The two and four element antenna design for mmWave MIMO applications is discussed below in this section. The design process consists of two main aspects to address for mmWave: 1. Gain enhancement for high signal attenuation and 2. Isolation enhancement between the antenna elements, essential for spatial multiplexing. Starting with the two element dipole antenna configuration with improvement in isolation and then translating antennas to form four element MIMO configuration for better throughput of the communication network is discussed in this section.
Two Antenna MIMO Configuration
The proposed two element antenna configuration is designed on a Neltec substrate with dielectric constant, ε r = 2.2, loss tangent = 0.0009 and height, h = 10 mil. The half wave dipole antenna designed using CST Microwave Studio software and fed with a microstrip line of width w i = 0.77 mm has a gain about 5 dB at 28 GHz frequency, which is not desirable for communication at mmWave frequency band. High gain antenna design is very crucial, planar Yagi-Uda antennas are most popular end-fire antennas for their high gain [16] . Here to achieve a gain around 11 dBi, about 6-7 directors need to be placed which would considerably increase the size of the dipole antenna. Therefore, the gain of the dipole antenna is enhanced by placing the array of CLLs. The CLL-unit cell parameters shown in Fig. 1 are extracted from S-Parameters using [17] when being excited with PEC and PMC boundary conditions in x-direction and z-direction. This array of unit cells increases the refractive index of the substrate to about 2.1 (increase in refractive index ∼ 42%), and thus focusing of electric field (E-field) is observed. The gain of each dipole antenna is increased to about 10 dBi which is essential for countering propagation losses at 28 GHz frequency band. The gain enhancement of the dipole antenna using the loading of metamaterial unit cells is achieved in [18] , and the gain of 11 dBi is reported for the dipole antenna.
The geometry of the proposed antenna with array of metamaterial unit cells is shown in Fig. 2 . In our design, the metamaterial unit cell array is fed by two dipole antennas in MIMO configuration. The antennas are separated by a distance S dd = 1.9 mm, and the mutual coupling between the ports due to surface waves is affected by adding a stub between the two antennas in the ground plane which introduces the resonance, and the surface current gets accumulated around the stub [19] , resulting in enhancement of isolation between the ports. The isolation between the two antennas for different values of the stub length is shown in the Fig. 3(a) . For a stub length of l sb = 1.8 mm, which is λ/4 at 28 GHz, the isolation at 28 GHz is increased to 20 dB from 15 dB when a stub is added to the ground. The other component of the mutual coupling is due to the spatial fields propagating to adjacent antenna through the CLL array. This coupling between the ports is seen dependent upon the coupling of the H-field (displacement current) from the high refractive region on the left (if port 1 is fed) to excite the array on right, which then propagates back through the CLL array to the adjacent dipole antenna. The effectiveness of trimming of the CLL array is investigated, and parametric analysis is done by removing the CLL unit cells. The isolation between the antennas for Case I -without trimming, Case II -with trimming and by removing CLL-1, 2 and 3 is shown in Fig. 3(b) , which shows an improvement of 5 dB (at 28 GHz and 10 dB at 30 GHz) in isolation, and the overall isolation is greater than 25 dB in the whole frequency band for Case-II. Fig. 4 shows how the isolation is improved by mitigating the displacement current by trimming the top corners on right and left of high refractive index region. The coupling of current can be seen from the CLL array on the right for Case-I (if port 1 is fed), when no trimming is done. 
Four Antenna MIMO Configuration
The proposed four port MIMO antenna configuration is shown in the Fig. 5 . All the four antennas are printed on a 10 mil Neltec substrate. The dipole antennas are separated by S cc = 6 mm in x-direction and by S hd = 2.2 mm along y-direction. All the four antennas and the metamaterial loading to enhance the gain cover a space of 1.05λ 0@28 GHz ×2.9λ 0@28 GHz on the substrate without feeds, and feed lines are extended so as to accommodate the end-launch connectors. Each antenna is fed by a 50 ohm microstrip line, and the dipole antenna radiates along the y-direction. The E-field is focused by the array of metamaterial unit cells in different directions depending upon which of the antennas is fed. 
EXPERIMENTAL RESULTS
The proposed four port antenna for MIMO applications at 28 GHz frequency band is fabricated in-house using the lithography process. The 2.92 mm End Launch Connectors from Southwest Microwave, Inc. are used for measuring the port performance of the prototype antenna shown in Fig. 6(a) using Keysight PNA in our lab. The radiation performance of the antenna is characterized in an anechoic chamber (far-field type) facility available in our Centre, and the setup is shown in Fig. 6(a) .
The measured and predicted spectral performance of the 4-port antenna is analyzed. The return loss for all ports of the antenna in the frequency range 26 GHz to 31 GHz is shown in Fig. 6(b) , and the return loss is well below S nn < −10 dB. The isolation between the antenna elements is given in Fig. 6(c) . This is a very important parameter for the MIMO antennas at 28-GHz, because high isolation (low coupling) between the ports will result in an enhanced efficiency of the individual elements. In addition, it will reduce the power loss due to coupling. Also the high isolation between antennas makes them independent so that high diversity gains can be achieved. The isolation between the ports S nm > 21 dB is good enough for MIMO applications at 28 GHz band in such a small space. The radiation pattern of the antenna at 28 GHz for four ports when other ports are terminated with 50 ohm in the XY -plane is shown in Fig. 7 . The gain patterns show pattern diversity at 28 GHz when being excited at different ports, and the patterns are stable across the band. As the gains of all antennas are the same, only the measured and simulated gains of the antenna1 are plotted in Fig. 8 for the frequency band. It is evident from the figure that the dipole antenna with CLL array has a stable gain about 10 dBi in the frequency band. The MIMO performance of the antenna is evaluated using the parameter envelope correlation coefficient (ECC or ρ e ), which determines the diversity gain of the multiple antenna systems [20] . The diversity gain will be high for small values of ρ e , which results in improved system performance. The ECC is plotted between antenna elements 1 and 2 (ρ e12 ) and between antenna elements 1 and 4 (ρ e14 ) in Fig.? 7. The value of ECC is calculated using far-field results in the CST MWS and is well below 15 × 10 −4 in the entire frequency band.
The proposed antenna is characterized. The performance is compared with the existing literature and presented in Table 1 . The edge to edge distance between antenna elements is very small (λ 0 /6) with a reasonably good isolation between the ports. To the best of our knowledge, the proposed four port antenna (without extended feed lines) is smaller than most of the reported MIMO antennas at 28 GHz frequency band. 
CONCLUSION
A millimeter-wave antenna consisting of four dipole antenna elements is proposed for MIMO applications at 28 GHz band. The four port antenna has pattern diversity in XY -plane with each antenna offering gain of 10 dBi. All the four antennas occupy an area of 3λ 2 0 , (λ 0 = free space wavelength at 28 GHz) on the substrate without feeds while achieving a good isolation between the antennas. This compact antenna can be useful for 5G MIMO applications in a compact handheld device.
